Divergence is known to differ from convergence across a wide range of clinical parameters. We have postulated that a limited neural substrate results in reduced fusional divergence velocities and subsequently a reduced capacity to adapt tonic vergence to uncrossed disparities. We further investigated this hypothesis by characterizing the degree of plasticity in reflexive fusional vergence to repetitive end-point errors using a disparitybased double-step paradigm. 10 adults completed 4 study visits where reflexive fusional convergence or divergence was measured (250 Hz infrared oculography) to a 2°disparity step and then lengthened or shortened via a repeated double-step (2°± 1.5°). Stimuli were presented dichoptically at 40 cm. Adaptive modification of vergence responses was similar between directions for the shortening conditions, suggesting a common neural mechanism responds to overshooting errors. In comparison, adaptive lengthening of convergence was slower, but of equal magnitude, suggesting a second neural mechanism with a longer time constant for undershooting errors. Divergence response velocities were slower at baseline and did not increase after adaptive lengthening. Instead, increases in divergence response amplitudes were a result of increased response duration, implying saturation of the reflexive, preprogrammed response. Adaptive responses serving to increase or decrease reflexive fusional vergence recruitment were asymmetric. Adaptive lengthening of convergence and divergence identified further directional asymmetries. The results support the hypothesis that the neural substrate underlying divergence is attenuated, resulting in reduced reflexive plasticity when compared to convergence. The clinical and technological implications of these results are discussed.
Introduction
Vergence eye movements shift our binocular fixation point in depth and provide the motor alignment that is required for stereopsis (Gonzalez & Perez, 1998) . Vergence responses are directly coupled with accommodation (and pupil size) making up the near-triad (Schor & Ciuffreda, 1983) . Plasticity within the mechanisms controlling ocular vergence and its synkinetic interactions with accommodation are vital to user satisfaction with new spectacle lenses (Alvarez, Kim, & GrangerDonetti, 2017; Cooper, 1992; Schor, 2009 ) and virtual reality (VR) or augmented reality (AR) systems (Lambooij, 2011; Lambooij, Ijsselsteijn, Fortuin, & Heynderickx, 2009 ), however we are only just beginning to understand the behaviors and limits of these adaptive capacities. The current study aims to quantify the adaptive capacity of reflexive fusional vergence eye movements in order to provide insight into the neural mechanisms underlying this form of oculomotor plasticity.
Reflexive fusional vergence occurs primarily in response to step changes in retinal disparity. The dynamic motor control of reflexive fusional vergence has been characterized behaviorally (Hung, 1986; Mays, 1984; Westheimer, Mitchell, & Mitchell, 1956 ) and neurally (Mays, 1984 (Mays, , 1986 ) by a 'pulse-step' drive of innervation, similar to that of saccades (Robinson, 1973) . The pulse component is a transient, openloop response that initiates an inward (convergence) or outward (divergence) rotation of the two eyes and is best characterized by peak velocity (Horng, Semmlow, Hung, & Ciuffreda, 1998; Patel, Ögmen, White, & Jiang, 1997; Semmlow, Hung, Horng, & Ciuffreda, 1994 , 2013 . The visually-guided step mechanism controls the latter stages of this dynamic response, providing the precise binocular alignment required for sensory fusion (Hung et al., 1986; Jones, 1980) . Adaptation of reflexive fusional vergence control has been identified using a disparity-based version of McLaughlin's original saccadic double-step experiment (Kim, Vicci, Granger-Donetti, & Alvarez, 2011; Takagi, Oyamada, & Abe, 2001) . In these studies, experimentally induced repetitive errors result in significant changes in future response amplitudes and peak velocities. These changes occur and decay rapidly and thus are referred to as 'short-term' adaptations of reflexive vergence. The majority of this work has focused on changes in vergence responses to under-shooting errors Alvarez, Kim, Yaramothu, & Granger-Donetti, 2007 , 2009 Munoz et al., 1999; Takagi et al., 2001) . The ability to adaptively increase convergence amplitudes and peak velocities has been shown to correlate with firsttime user experience in multifocal spectacle lenses . The ability to uncouple the vergence and accommodative systems through adaptive changes in tonic vergence innervation (also known as 'heterophoria' adaptation) are central to user comfort in VR and AR environments (Hoffman, Girshick, Akeley, & Banks, 2008; Kim, Kane, & Banks, 2014) . We have recently demonstrated a relationship between reflexive fusional vergence peak velocity and the rate at which this adaptive uncoupling can occur, suggesting that vergence peak velocity may be able to predict the degree of plasticity within the system (Erkelens & Bobier, 2017) . It is unclear whether similar patterns exist within short-term adaptations of reflexive vergence (Alvarez et al., 2007; . The first aim of the current study is to identify if such a relationship exists.
Large directional asymmetries have been documented between reflexive divergence and convergence responses Hung, Zhu, & Ciuffreda, 1997; Patel et al., 1997) . The effects of these baseline dynamic asymmetries on the adaptive responses to double-step paradigms has yet to be explored. We have previously hypothesized that reflexive divergence responses saturate at low disparity step-stimulus amplitudes under specific experimental conditions (Erkelens & Bobier, 2017) . This saturation is observed as a plateau of the divergence response peak velocity as disparity step-stimulus amplitudes exceed 3°. This also appears to result in a saturated adaptive response in tonic vergence change to prolonged uncrossed disparities (Erkelens & Bobier, 2017; Erkelens, 2016) . If this saturation hypothesis was correct, one would expect that divergence responses at or near this limit would be unable to adapt to repetitive under-shooting errors through an increase in the peak velocity and response amplitude. Accordingly, the second aim of this study will address the assumption of divergence saturation and the corresponding effects these reflexive asymmetries have on short-term reflexive vergence adaptation.
In saccadic adaptation to double-step stimuli, the direction of the error signal created by the second step influences the adaptive behavior (Deubel, Wolf, & Hauske, 1986; Hernandez, Levitan, Banks, & Schor, 2008; Miller, Anstis, & Templeton, 1981; Panouillères et al., 2009 ). These results have been taken to imply the existence of two separate adaptive neural mechanisms, each responding to a specific directional error signal. Over-shooting errors created by adaptive shortening double-step stimuli appear to be a stronger stimulus to adaptation, as the change in subsequent responses occurs at a faster rate and is more complete than to under-shooting errors (adaptive lengthening paradigms) (Hopp & Fuchs, 2004; Pélisson, Alahyane, Panouillères, & Tilikete, 2010) . Currently, there is a paucity of data that characterizes the directional effects of the error signal in reflexive fusional vergence adaptation. One study has identified differences in the dynamic properties of adapted convergence responses after gain decreasing versus increasing double-steps; however the temporal effects of such stimuli were not addressed nor were the normalized differences in the magnitude of adaptive changes compared (Takagi et al., 2001 ). In line with this open question, the third aim of the current study was to characterize the effects of error signal direction on the temporal effects and final magnitude of adaptive modifications in both reflexive convergence and divergence adaptation.
Methods

Participants
10 subjects (5 males, mean(SD) 25.6 ± 4 y/o) completed the study. Participants were recruited from the University of Waterloo undergraduate student population. Informed consent was obtained after verbal and written explanation of the study procedures. The study protocol was approved by the University of Waterloo ethics review board and adhered to the tenets of the Declaration of Helsinki. An optometrist assessed each participant for normal vergence oculomotor function at the first study visit. This was defined as monocular bestcorrected visual acuity of 6/6, local stereoacuity better than 60′ arc seconds, with a near point of convergence nearer than 6 cm. Each subject's heterophoria was determined with an alternating cover test (Hrynchak, Herriot, & Irving, 2010) . Clinical static fusional vergence ranges were tested in free-space using prism bars and were at least twice the magnitude of the heterophoria (Scheiman & Wick, 2008) . The study participants had varied levels of heterophoria at near, with four exophores (maximum 8Δ * ), three esophores (maximum 3Δ) and three orthophores (within 1Δ of orthophoria).
Apparatus & stimulus
Images were presented dichoptically on two 7-in LCD monitors (Lilliput, UK) at a constant 40 cm viewing distance via a haploscope. This apparatus has been described in detail in previous work (Erkelens & Bobier, 2017; Erkelens, Thompson, & Bobier, 2016) . Each subject's interpupillary distance was set in the haploscope before testing. Monocular eye movements were recorded at 250 Hz using infrared oculography via the EyeLink2 system (SR Research, Canada). The visual fixation stimulus was controlled using Experiment Builder (SR Research, Canada) and consisted of an identical white central fixation cross (0.5°× 0.5°, 0.08°line width) surrounded by a white box (2.75°× 2.75°, 0.08°line width) on a black background . Each monitor's image had a unique feature attached to one edge of the surrounding box that allowed participants to subjectively monitor for monocular visual suppression during the experiment. All participants were able to complete the procedures at each visit without suppression. Head movements were limited by a custom chin and forehead restraint.
Procedures
Participants completed 1 screening and 4 experimental trials. Each experimental trial tested a single vergence direction and contained only one type of double-step conditioning stimulus. During the screening visit participants were shown the baseline single-step stimulus for both the divergence and convergence stimuli to familiarize them with the experimental set-up and ensure they could adequately obtain fusion to all stimuli. Participants always wore the same habitual refractive correction in each trial. One trial was completed per day, with at least 2 days (maximum 12) between trials. The order of these conditions was randomized for each individual. The four double-step conditions were; convergence gain increasing (CGI), convergence gain decreasing (CGD), divergence gain increasing (DGI) and divergence gain degreasing (DGD), Fig. 1 A&B.
All disparity step stimuli were presented from an initially congruent accommodative-vergence-proximity position based on the participant's interpupillary distance and a viewing distance of 40 cm (Fig. 1B) . For a 60 mm interpupillary distance, this corresponded to an initial angular vergence demand of 8.44°. Two different disparity step-stimuli from this position were used in each trial. The single-step stimulus consisted of a single disparity step change of 2°. The double-step stimulus consisted of the same initial 2°step change, followed 175 ms later by a second step change of ± 1.5°, forming a modified version the classic double-step stimulus (McLaughlin, 1967) .
Each experimental trial was separated into 4 phases; calibration, baseline, adaptation and recovery (Fig. 1A) . Each phase was separated by a 2-minute break where the participant was encouraged to blink more frequently in order to help maintain adequate tear film volume and help avoid excessive blinking during the recording phases of the * Δ = prism diopters. experiment. A trial began with the participant placed in complete darkness for 5 min and instructed to keep their eyes open and their vision relaxed during this time in order to allow tonic levels of vergence and accommodation to reset to their resting levels. A 9-point monocular calibration procedure spanning 48°horizontally and 16°vertically was used at the beginning of each trial. The baseline phase contained 20 single-step test stimuli contained to one specific vergence direction. The time between disparity steps was randomized between 3 s and 6 s to prevent prediction by the subject (Alvarez, Bhavsar, Semmlow, Bergen, & Pedrono, 2005) (Fig. 1B ). Participants were instructed to keep the image single and clear at all times. During the adaptation phase the double-step stimuli were presented in the same direction as the baseline stimuli. At the beginning of this phase, 30 double-step stimuli were presented sequentially. Following this, single-step 'test' stimuli were randomly interspersed between every 4-6 double-step stimuli until a total of 70 double-step and 10 single-step stimuli were seen. The recovery phase was identical to the baseline phase and consisted of 20 single-step stimuli (Fig. 1B) .
Data analysis
Monocular eye positions were recorded, digitized as screen pixel position and analyzed off-line using a custom analysis package in MatLab (Waltham, MA, USA). Vergence was defined as the difference between right and left eye position and the start of a vergence response was identified using a 1.5°/s velocity threshold, which also defined the latency. The end of a vergence response and the corresponding total response duration was identified when the velocity fell below 0°/s for 4 continuous samples (16 ms). The responses in each trial phase were separated temporally into blocks of 10. Within each block, vergence responses containing saccades or with latencies less than 80 ms and response amplitudes or peak velocities outside 2 standard deviations of the block mean were excluded (Tyler, Elsaid, Likova, Gill, & Nicholas, 2012) . The mean (SD) number of responses used for statistical analysis in each block were 8.12 ± 1.1 baseline phase, 7.63 ± 1.5 adaptation phase and 7.96 ± 1.4 recovery phase. The mean of the second block of responses (B2) in the baseline phase defined the baseline response characteristics from which the responses in the adaptation and recovery phases were compared.
In order to ascertain adaptive changes in the open-loop pulse vergence motor command in response to the double-step stimuli, two different strategies were employed. The first method followed previous study designs where the baseline single-step 'test' stimuli were added randomly near the end of the adaptation phase (Alvarez et al., 2007) . Vergence responses to the 'test' stimuli in the current experiment defined the overall change in open-loop response parameters during adaptation. The second approach mathematically estimated the openloop pulse response amplitude henceforth referred to as 'pulse amplitude', using a modified phase-plane analysis applied by other groups. A graphical illustration of the time-domain trace and the phase plane Fig. 1 . A) Schematic representation of a single complete trial with corresponding phases and block numbers labeled. The dashed vertical lines in the adaptation phase illustrate where the single-step 'test' stimuli were interleaved with the double-step stimulus. There was a 120 s break given between each phase (not depicted). B) Schematic of the different step stimuli used. The thick blue solid line represents the congruent vergence-accommodation-proximity demand from which all disparity steps began. The thinner black solid line illustrates the single-step stimuli. The even dashed line represents the gain increasing double-step stimulus and the uneven dashed line the gain decreasing double-step stimulus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) analysis can be found in Fig. 2B . Briefly, this analysis assumes that the velocity profile of a completely open-loop response is symmetrical (Tyler et al., 2012) . Therefore, the velocity profile following the peak velocity was modified to be symmetric to the first half Tyler et al., 2012) . In the phaseplane, the end of this symmetric velocity profile was used to determine the amplitude of the open-loop response in the absence of visual feedback.
Statistical analysis
Results were tested for normality using a Shapiro-Wilk test preceding any statistical analysis. All parameters satisfied the assumption of normality (p > 0.05) and therefore parametric statistics were used throughout. Greenhouse-Geisser or Welch's corrections were applied where variances between groups differed significantly.
To assess directional asymmetries and the potential effects of blocktime bias in the baseline vergence responses, a two-way repeated measures ANOVA model was applied to the response characteristics defined above with the 4 stimulus conditions as the first factor and block-time as the second. Changes in vergence dynamics in the adaptation phase and in the last block in the recovery phase (R2) were individually compared against the null-hypothesis of zero change using a two-way t-test. Adaptive changes to the test stimuli were compared separately using a one-way repeated measure ANOVA, with the 4 stimulus conditions as the factor. To investigate the temporal characteristics of adaptation in the different conditions, a two-way repeated measures ANOVA model was constructed for the normalized change in response characteristics with block-time as the first factor and stimulus condition as the second factor. The main sequence ratio was calculated for each participant's baseline and test stimuli vergence responses by dividing the averaged response amplitude of the open-loop pulse mechanism by the averaged peak velocity of these movements Semmlow and Yuan, 2002 ) and compared with a one-way ANOVA. Post-hoc analyses were carried out using Bonferroni corrections to control for multiple comparisons.
Results
Baseline vergence asymmetries
The averaged data for all subjects within a stimulus condition for the last baseline block (B2) is detailed in Table 1 . There was no effect of block-time in any of these parameters, F(1,9) < 0.4, p > 0.1, indicating that vergence behavior was stable between blocks in the baseline phase. There was a significant main effect of stimulus condition in each of the following parameters; total response amplitude F F (1.6, 14.9) = 12.5, p = 0.001; pulse amplitude F(2.1, 19.3) = 14.7, p < 0.001 and peak velocity F(1.8, 16.6) = 15.8, p < 0.001. Post-hoc comparisons identified differences between the convergence and divergence directions (p < 0.01), but not within a given response direction (p > 0.6). There was no main effect of stimulus direction on the latency.
Given that there were systematic differences between the response properties of convergence and divergence in the baseline phase, the raw values of any change after adaptation were normalized using Eq. (1) below in order to provide valid comparisons of the adaptative effects. This normalization is commonly used in oculomotor experiments when such differences in the baseline movement properties are encountered (Panouillères, Miall, & Jenkinson, 2015) . 
Temporal effects of adaptation
The adaptation of the open-loop pulse response properties followed an exponential pattern, plateauing between the third and fourth blocks in the adaptation phase (after 30-40 double-step stimuli had been presented). Figs. 3 and 4 illustrate the temporal effects of each stimulus condition during the adaptation phase in each trial. Qualitatively, the average time course for these adaptive effects to plateau was 3.5 min in the DGD and CGD conditions and 4.5 min in the CGI condition. Fig. 3 depicts the mean response position and velocity traces of the last baseline block (B2) as well as the second (A2) and last (A7) blocks in the adaptation phase in each condition for one subject. The adaptive behavior of the two gain decreasing conditions is similar, with significant reductions in the initial pulse response from baseline. This lead to a reduction the in dynamic overshoots created by the second stimulus step. In contrast, the gain increasing conditions produced different adaptive behavior for convergence and divergence stimuli. In the CGI condition the large initial undershoots created by the second step resulted in a second corrective vergence response that occurred before the initial response was complete. By the last adaptation block (A7) the initial pulse response was significantly increased, resulting in a much smaller second corrective movement. Fig. 4 illustrates this point; where the pulse response amplitude and peak velocity of convergence began to increase, there was a corresponding reduction in the response duration. In Fig. 3 for the DGI condition, the large undershooting errors observed early in the adaptation (A2) phase resulted in a gradual increase in the response duration and settling time over the course of adaptation blocks (A7); however, there was a negligible increase in the pulse amplitude or peak velocity. In this condition, a second corrective movement is not seen during the adaptation phases, as it blends directly into the slow initial pulse response. Because the second corrective movement occurs before the first is completed, the total response amplitude and duration of the DGI responses in Fig. 4 remain unchanged across each trial block.
There was a significant main effect of block-time across all phases for each of the following parameters; pulse amplitude F(10, 90) = 62.2, p < 0.0001 and peak velocity F(10,90) = 56.7, p < 0.0001. These changes plateau within the first fourth blocks in the adaptation phase (A4). This justifies binning all the single-step stimuli intersperse within the adaptation phase together, as they were only presented starting in the fourth block (A4) in the adaptation phase. A main effect of stimulus condition was also significant for pulse amplitude F(3,27) = 44.5, p < 0.0001 and peak velocity F(3,27) = 63.8, p < 0.0001. Interaction effects were significant for both parameters F (30,270) > 5.0, p < 0.0001. Post-hoc analysis indicated both gain decreasing conditions exhibited a greater change than the gain increasing conditions in the first adaptation block (A1) (p < 0.04). In this block (A1) response changes in the two gain increasing conditions were not significantly different (p > 0.11). In the second adaptation block (A2), the CGI condition had significantly greater changes than the DGI condition (p = 0.03), while these changes in the CGI condition were still significantly less than the two gain decreasing conditions (p < 0.01). In the third adaptation block (A3), the degree of change in these response parameters was the same between the CGI condition and the two gain decreasing conditions (CGD, p = 0.29; DGD, p = 0.37) and remained the same for the rest of the adaptation phase (p > 0.60). Additionally, the change in each of these 3 conditions (CGI, CGD & DGD) was significantly greater than the DGI condition for all of these adaptation blocks (A3-A7), p < 0.001. When the gain decreasing parameters where compared between directions, there was no difference within any block-time (p > 0.49). Finally, the changes in the open-loop component responses were not significantly different from zero at any time in the DGI condition (p > 0.43).
Modulation of open-loop vergence response
Fig. 5 provides a summary of the mean change in the test responses characteristics when compared to baseline (B2) for each condition. Fig. 6 illustrates these data for 3 individual subjects with varying degrees of baseline response asymmetries. The ANOVA analysis demonstrated a main effect of stimulus condition for the following parameters; total response amplitude F(2.3, 20.8) = 8.0, p = 0.002; pulse . Individual data were smoothed using a 40 ms (10 sample) moving average before being combined and plotted in this figure. Absolute values are plotted for divergence. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) amplitude F(2.2, 21.1) = 21.2, p < 0.0001; peak velocity F(2.1, 19.0) = 24.4, p < 0.0001; and response duration F(2.2, 20.1) = 16.1, p < 0.0001. Post-hoc comparisons showed that the adaptive modifications of the pulse amplitude and peak velocity in the DGI condition were significantly less than all 3 of the other double-step conditions (p < 0.02). Changes in these parameters for the DGI condition were not significantly different from zero (p > 0.15, Fig. 5 ).
An overall increase in response duration was significant for the DGD, CGD and DGI conditions. In the CGI condition the opposite effect was observed. Here the total movement duration decreased significantly. This reduction in total response duration in the CGI condition was the result of a larger, faster open-loop pulse response to the test stimuli in this condition. The DGI condition resulted in significantly larger total response amplitudes after adaptation (p = 0.001); however, Fig. 6A clearly demonstrates this was a result of increased total duration of the response velocity profile. More specifically, the peak velocity is maintained for a longer period of time. Importantly, this change in divergence responses to the test stimuli was not a result of an increase in the preprogrammed response parameters of pulse amplitude and peak velocity(p > 0.68). In other words, the width of the pulse response increased in the DGI condition, while the height of the pulse response was modified in the other 3 conditions. This effect was more pronounced in the participants with the slowest initial open-loop response. Interestingly, when the individual datasets are considered for the DGI condition, there were two participants who exhibited noticeable increases in the divergence pulse amplitude and peak velocity to the single-step 'test' stimuli ( Fig. 6C is an example of one such individual). These participants were also found to have the largest and fastest baseline divergence pulse response properties (Figs. 6C and 7) . In these individuals, the baseline divergence and convergence response properties were roughly equal. Pearson correlation analysis of these data Fig. 7 demonstrated a significant relationship between the baseline pulse response properties and their degree of adaptive change in the gain increasing conditions (CGI pulse amplitude: r = 0.74, p = 0.02 and peak velocity r = 0.62, p = 0.04; DGI pulse amplitude: r = 0.88, p < 0.001 and peak velocity r = 0.78, p = 0.01). The strength of this correlation in the DGI condition is influenced by the two subjects that showed reductions in these parameters after adaptation (denoted by the *). The same correlations were of limited significance in the gain decreasing data (CGD pulse amplitude: r = 0.41, p = 0.21 and peak velocity r = 0.37p = 0.15; DGD pulse amplitude: r = 0.28, p = 0.54 and peak velocity r = 0.49, p = 0.08). The same two participants that strengthened the correlation in the DGI condition with large decreases in peak velocities also appear to have negatively I.M. Erkelens, W.R. Bobier Vision Research 149 (2018) 66-76 influenced the correlation in the DGD, where they showed the greatest decrease in peak velocity after adaptive shortening. In regards to latency changes between conditions, there was no main effect in the original one-way ANOVA described above, F(2.5, 22.7) = 0.14, p = 0.91. In order to rule out the influence of prediction on these results, the latency change from baseline to test stimuli responses was tested against the null-hypothesis of zero for each condition with a two-tailed unpaired t-test. The latency change was not significant for any condition (p > 0.16).
Fatigue & retention
Previous research has indicated that fatigue may affect vergence response dynamics after as little as 200 consecutive trials (Yuan & Semmlow, 2000) . To avoid fatigue we limited the number of vergence step stimuli to 150 per trial/day. To address fatigue as a confounding factor for the group-wide adaptive changes observed, the last block of recovery responses (R2) were compared to baseline (B2) using a twotailed t-test with a null hypothesis of zero change. In both divergence conditions there is no significant difference between baseline and recovery phases in any parameter measured (p > 0.07). Mean (SD) convergence pulse amplitude (9.8% ± 11.4, p = 0.02) and peak velocity (8.4% ± 7.3, p = 0.003) remained significantly greater than baseline in the CGI condition, while the opposite effect as seen in the CGD condition where the pulse amplitude (−5.2% ± 6.5, p = 0.03) and peak velocity (−7.0% ± 5.0, p = 0.002) were significantly less than baseline. If fatigue was a factor, a consistent reduction of all these parameters would be expected, regardless of the adaptive condition.
When the individual data sets were considered, the same two participants that we observed a decrease in the open-loop divergence response parameters to the test stimuli Fig. 7 also showed similar reductions from baseline in the last recovery block (R2) after both gain increasing and decreasing adaptation conditions. Interestingly, these participants had the slowest baseline divergence response peak velocities and suggests that the phasic divergence mechanism fatigued.
Main sequence effects
The mean (SD) baseline main sequence ratio of our convergence responses was 7.65 ± 0.65 (gain increasing trials) and 7.60 ± 1.1 (decreasing trials). For divergence these values were 6.22 ± 0.82 (gain increasing) and 6.03 ± 0.63 (gain decreasing). The change in this ratio after adaptation was as follows; convergence gain increasing: +0.12 ± 0.47, convergence gain decreasing: −0.38 ± 0.8, divergence gain increasing: +0.001 ± 0.3 and divergence gain decreasing: −0.001 ± 1.6. A one-way repeated measures ANOVA of these changes demonstrated no main effect of condition, F(3,27) = 0.49, p = 0.69. When tested against the null-hypothesis of zero change using a twotailed t-test, all were not significantly different from zero (p > 0.15), indicating that the main sequence ratio is preserved after adaptive modification under the given conditions, regardless of the condition or direction of stimulus.
Discussion
The purpose of this study was to characterize the adaptive capacities of reflexive fusional vergence eye movements and the effects of disparity direction on this behavior. Overall, the contribution of the openloop pulse response was significantly smaller in divergence than convergence in the baseline, non-adapted recordings. This confirms behavior found in previous studies, which is believed to reflect fundamental differences in the underlying neural substrates controlling each of these motor responses (Hung et al., 1997; Semmlow & Wetzel, 1979; Tyler et al., 2012) . The majority of the adaptive changes were observed in the open-loop, pulse component of the vergence response in the CGI, CGD and DGD stimulus conditions. Gain decreasing double-step stimuli elicited a more rapid modulation of response parameters when compared to the gain convergence increasing double-steps. In the DGI condition, most (8) of the participants exhibited limited, if any modification of the open-loop pulse response after the adaptation phase. Participants with the largest and fastest pulse vergence responses in the baseline phase demonstrated the greatest amount of adaptation overall. In line with our tonic vergence adaptation findings (Erkelens & Bobier, 2017) , the behavior of this adaptation in reflexive fusional vergence was directionally asymmetric in the gain increasing stimulus conditions.
The main sequence ratio was not affected during and after doublestep adaptation in this study. This result suggests that adaptations observed were not the result of changes in the brainstem vergence burst generators integration of the up-stream velocity command. Rather the source of these adaptive effects is likely upstream of the subcortical oculomotor machinery. This is consistent with saccadic literature, where the main sequence relationship has been shown to be preserved across a variety of different adaptive conditions (Alahyane & Pélisson, 2005; Collins, Semroud, Orriols, & Doré-Mazars, 2008; Ethier, Zee, & Shadmehr, 2008; Hernandez et al., 2008; Jenkinson & Miall, 2010; Pélisson et al., 2010) . A consistent response latency throughout all trials would also suggest that higher level or explicit cognitive processes (such as prediction) did not play a role in the adaptations observed. In reflexive pro-saccades, this form of adaptation has been shown to be cerebellar based (Colnaghi, Ramat, D'Angelo, & Versino, 2010; Optican & Robinson, 1980; Robinson, Fuchs, & Noto, 2002; Straube, Deubel, Ditterich, & Eggert, 2001) . The similarities between previous saccadic data and the current studies observations also then suggest a potential role for the cerebellum in reflexive fusional vergence adaptation.
The adaptive behavior observed to the gain decreasing conditions was, on average, similar between convergence and divergence directions. This implicates a common adaptive mechanism that responds to overshooting disparity errors, irrespective of the direction. Adaptive changes in the open-loop pulse response to both gain decreasing conditions was faster, but roughly equally in final amplitude when compared the to the convergence gain increasing condition. These findings are also consistent with saccadic literature (Hernandez et al., 2008; Fig. 7 . Mean change (%) in vergence peak velocity to the test stimuli plotted against the mean baseline response peak velocity for each subject. There were two subjects (* above their data points) that demonstrated a significant reduction in their divergence response peak velocities after gain increasing adaptation (left). The same two participant's data can be seen in the right panel as the slowest baseline response velocities with large reductions in peak velocity after gain decreasing adaptation. Panouillères et al., 2009) . Our data further demonstrates that overshooting errors are a much stronger stimulus to modify future responses, resulting in faster adaptive changes. Taken together, these results demonstrate the presence of potentially 3 distinct mechanisms underlying the adaptation of disparity-driven vergence responses. One mechanism responds to overshooting errors (gain decreasing condition), a second to undershooting errors (gain increasing condition) while a third mechanism can be engaged if the reflexive pulse-generating motor substrate is unable to recruit a greater response. It is not clear from the results if this third mechanism is universal to all types of disparity errors, or if it is further subdivided based on error direction, as it was observed mainly in the DGI condition. It is also unclear if this behavior represents a distinctly separate neural process or if it is an extension of the 2 former adaptive mechanisms.
We have previously postulated that the open-loop pulse mechanism of reflexive fusional divergence saturates at low stimulus amplitudes (Erkelens & Bobier, 2017) . In this model, the saturation of the reflex generating motor substrate results in saturation in the adaptive mechanisms responsible for heterophoria adaptation. The current study supports the hypothesis of reflexive divergence saturation, which in turn limits the recruitment of a larger, faster, preprogrammed vergence response in the presence of consistent under-shooting error signals. It can be reasoned that a large reflexive fusional divergence system would be unnecessary, given that the anatomical and physiological vergence resting angle is generally equal to or greater than parallel in humans (Toates, 1974) . Even in cases of esotropia, strabismus surgeons have consistently noted divergent tonic vergence postures when these patients are sedated (Apt & Isenberg, 1977; Breinin, 1957) . In contrast, convergence innervation would be required to exceed the naturally divergent orbital mechanics and thus develop a much larger and more robust reflexive oculomotor substrate. Anatomically, this could explain the disproportionate size of the medial recti when compared to the lateral recti (Ariyurek & Ozgen, 1998) . Cell-recording studies in primates have shown the profile of neuronal firing rates in the pre-motor neural circuitry is strongly correlated with the velocity profile of the resulting vergence responses and is demonstrative of the degree of neural recruitment available within the motor substrate (Mays & Gamlin, 1995; Mays, Porter, Gamlin, & Tello, 1986) . The inability of our participants to increase fusional divergence peak velocity and pulse response amplitude implies that the system is unable to recruit a greater neuronal response. When this situation is encountered, the system resorts to increasing the duration of neuronal firing, thus increasing total movement duration and total response amplitude. It is also possible that these effects are the result of saturation at the extraocular muscles or cranial nerves; however, saccadic movements are much faster than vergence responses in both the adducting and abducting eye. A limitation in abduction is therefore unlikely to be responsible for the saturated behavior observed. In addition, when saccades are combined with vergence in response to uncrossed disparities, significant increases in the divergence response properties occur (Cullen & Van, 2011; Zee, Fitzgibbon, & Optican, 1992) .
The adaptive plateau reached in all conditions is incomplete when compared to the error size induced by the double-step. Such a result could imply a saturation limit to the adaptive mechanism or saturation in the recruitment of additional reflexive vergence neural resources. Since it has been shown by numerous groups that fusional convergence responses saturate to disparity stimuli much greater than 4° Hung et al., 1997; Schor, 1992; Semmlow et al., 1994) , the latter explanation is unlikely. The dual-rate state space model of sensorimotor adaptation in saccades and upper limb movements would suggest the remainder of the adaptive changes required to restore optimal response function would result from an additional neural mechanism, acting at a much slower rate (Ethier et al., 2008; Huberdeau, Krakauer, & Haith, 2015; Lee & Schweighofer, 2009; Smith, Ghazizadeh, & Shadmehr, 2006) . In the case of vergence, alterations in tonic vergence innervation (heterophoria adaptation) have been shown to increase the dynamics of future reflexive vergence responses (Kim & Alvarez, 2012; Kim, Vicci, Han, & Alvarez, 2011; Lee, Granger-Donetti, Chang, & Alvarez, 2009; Satgunam, Gowrisankaran, & Fogt, 2009 ). While we did not assess tonic vergence, it is likely that, overtime, a gradual shift in tonic vergence would result in further adaptive changes in the reflexive vergence response, especially when undershooting errors are experienced. It is also unclear if the adaptive plateau's observed are affected by the end-point error size. Saccadic research demonstrates linear adaptive effects when the end-point error is less than 30% of the initial motor command (Wei & Körding, 2009 ). There is little evidence exploring the adaptive effects of smaller end-point errors on the reflexive fusional vergence system. Additional work assessing tonic vergence and using differing double-step amplitudes would clarify these dimensions of reflexive vergence plasticity.
The interpretation of the current study results shed light on the ongoing discussion of the role of accommodation-vergence cue-conflicts in VR environments and overall user-experience. It is well known that VR requires strong adaptive responses from a multitude of sensory and motor systems, including vergence, for optimal user immersion (Kramida, 2015) . Previous work has indicated that the visual symptoms of general fatigue, headaches and ocular discomfort in VR environments are the greatest when uncrossed disparities are viewed and when adaptation in vergence is compromised (Hoffman et al., 2008; Shibata, Kim, Hoffman, & Banks, 2011) . The results of the current study provide an oculomotor hypothesis for these observations. The symptoms experienced may be the result of reduced vergence plasticity due to a saturated reflexive fusional vergence mechanism, especially in the uncrossed/divergent direction. Defining the limits and differential effects of proximity on these saturation levels may help define the acceptable levels of disparity in order to mitigate adverse user symptoms. The results of this study also provide an explanation for why divergence responses appear much less amendable during oculomotor training than convergence (Scheiman & Wick, 2008; Scheiman, Gallaway, & Ciner, 1986) . The natural orbital mechanics require a less active divergence response mechanism in order to acquire binocular fusion than is convergence. If the neural substrate underlying fusional divergence is naturally small, it would lend much less to expansion and modification after orthoptic training. The development of new VR technologies and rehabilitative therapies for vergence dysfunctions should take into account the insights developed from the present results.
Summary
The results provide novel insight into the different neural mechanisms underlying adaptation in reflexive disparity-driven fusional vergence. The differential effects of the disparity error type on convergence and divergence adaptive responses highlight the different strategies that are employed to compensate for repetitive end-point errors. The adaptive capacities of reflexive fusional vergence are also related to the function of the open-loop, preprogrammed response and the subsequent architecture of the underlying motor substrate, as is also the case in heterophoria adaptation. The preprogrammed response characteristics therefore provide a potential biomarker for overall vergence plasticity. These results have important implications for oculomotor training and virtual reality environment design.
